ABSTRACT The objective of this study was to determine the effect of irradiation on the quality of ready-toeat (RTE) breast rolls from turkeys fed conjugated linoleic acid (CLA). The oxidative stability of RTE turkey rolls was improved by the dietary CLA treatment. Irradiation increased the production of acetaldehyde, 3-methyl-butanal, 2-methyl-butanal, and total volatiles in turkey rolls but had little effect on other aldehydes. Irradiation also produced new volatiles, including sulfur compounds, not detected in nonirradiated turkey breast rolls. We detected significantly higher amounts of alkanes with nine or
INTRODUCTION
A multistate outbreak of food poisoning was associated with the consumption of delicatessen meats, including turkey products (Morbidity and Mortality Weekly Report, 1998) . A popular delicatessen item is ready-toeat (RTE) turkey roll, which is usually cooked to an internal temperature of 73 C, cooled, sliced, repackaged, and then refrigerated. Although Listeria monocytogenes can be killed during the cooking, a tremendous potential exists for postcooking contamination of the product during handling prior to final packaging. In addition, L. monocytogenes could survive the conditions (salt, refrigeration) provided by this product. Of the 12 product recalls during 1999, six were attributed to L. monocytogenes in delicatessen meats. An urgent need exists for postcook bactericidal interventions, such as bacteriocins or irradiation, to eliminate L. monocytogenes in RTE meats without negatively affecting their sensory characteristics.
Irradiation is an effective tool in inactivating foodborne pathogens. In light of recent outbreaks and product To whom correspondence should be addressed: duahn@iastate.edu.
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higher carbons in irradiated samples than in nonirradiated samples. Irradiation increased the redness of RTE turkey breast rolls, but the degree of redness and the amount of total volatiles decreased with storage. CLA treatment lowered the redness (a*) and increased the lightness (L*) of RTE turkey breast rolls during the entire storage period. Sensory evaluation revealed that irradiation produced off-flavor, but CLA and irradiation did not influence the texture and juiciness of RTE turkey breast rolls. Consumers did not like the off-flavor but preferred the color induced by irradiation to nonirradiated RTE turkey breast rolls. recalls due to pathogens in meat, the expanded application of irradiation technology in meat and meat products is important. However, irradiation is reported to induce off-odor, lipid oxidation, and color changes, which negatively affect consumer acceptance of meat (Nanke et al., 1998 (Nanke et al., , 1999 Jo and Ahn, 2000; Ahn et al., 2000a) . Irradiation off-odor is related to sulfur compounds, aldehydes, and alkanes formed from radiolysis of sulfur amino acids and fatty acids (Ahn et al., 2000a,b; Du et al., 2001) . The color changes induced by irradiation are associated with CO production during irradiation (Nam and Ahn, 2002a,b) .
Most studies related to irradiation impact on meat quality are based on fresh or unprocessed cooked meats; few reports are available on quality and consumer acceptance of irradiated RTE meat products. Irradiation of meat under vacuum can lessen these oxidative changes (Ahn et al., 1998) , and addition of antioxidants has proven effective in lessening oxidative changes.
Dietary conjugated linoleic acid (CLA) reduces the proportion of polyunsaturated fatty acids in animal tissues (Du et al., 2000 (Du et al., , 2001 . Therefore, meats from animals fed CLA will be less susceptible to lipid oxidation, color changes, and volatile production than those from animals fed a control diet. When considering the involvement of free radicals in lipid oxidation-dependent off-odor production, the use of dietary antioxidants to control off-odor production in meats by irradiation is highly reasonable (Patterson and Stevenson, 1995) . The objective of this study was to determine the effect of dietary CLA and irradiation on volatiles, color, sensory characteristics, and consumer acceptance of RTE turkey rolls under vacuum packaging.
MATERIALS AND METHODS

Sample Preparation
Eighty 3-mo-old turkeys were allotted to four pens; two pens (20 birds/pen) were assigned to one of the dietary treatments containing 0% CLA from a commercial source, 3 and the other two pens were assigned to diets with 2% CLA 3 (60% CLA, mainly cis-9, trans-11, and trans-10, cis-12 CLA isomers). A corn-soybean meal basal diet was used, and the energy level was adjusted using soybean oil.
After 2 mo on the feeding trial, turkeys were slaughtered following the USDA guidelines. After 24 h of storage at 4 C, breast muscles were separated from the carcasses and used to make breast rolls. Breast meats were ground through a 15-mm plate two times and then mixed for 3 min with 1.5% NaCl, 0.5% polyphosphate, and 10% water. The mixture was stuffed into 150-mm collagen casings and then cooked in an 85 C smoke house with relative humility of 92% until the center temperature reached 74 C. After being cooled by a cold-water shower, the rolls were cut into 5 mm thick slices and individually packaged in vacuum bags 4 (nylon-polyethylene, 9.3 mL O 2 /m 2 per 24 h at 0 C). Four replications were prepared.
Color Measurement
The surface colors of turkey rolls were measured in package with a Hunter LabScan colorimeter 5 and expressed as color L* (lightness), a* (redness), and b* (yellowness) values. The same packaging materials were used to cover white standard plates to eliminate the influence of packaging material on meat color.
Gas Measurement
Minced turkey roll (10 g) was put in a 24-mL screwcap glass vial with a Teflon × fluorocarbon resin-silicone septum.
6 Each vial was microwaved for 10 s at full power (1,200 W) to release gas compounds from the meat sample. After 5 min of cooling at room temperature, headspace (200 µL) was withdrawn with an airtight syringe and injected into a gas chromatograph (GC).
7
A Carboxen-1006 Plot column 8 (30 m × 0.32 mm i.d.) was used to analyze gas compounds produced by irradiation in turkey rolls. The initial oven temperature was 50 C and was increased to 160 C at 25 C/min. Helium was the carrier gas at a constant flow of 2.4 mL/min. A flame ionization detector equipped with a nickel catalyst 7 was used as a detector, and the temperatures of inlet, detector, and nickel catalyst were set at 250, 280, and 375 C, respectively. Detector air, hydrogen, and make-up gas (helium) flows were 400, 40, and 50 mL/ min, respectively. Gas compounds were identified by using standards and a GC-mass spectrometer (MS). 7 The area of each peak was integrated by Chemstation software.
7 To quantify the amounts of gases released, each peak area (pA × s) was converted to a gas concentration (ppm or %) contained in the headspace (14 mL) of 10-g meat samples, using the concentration of CO 2 in air (330 ppm).
2-TBA-Reactive Substances Measurement
Five grams of meat was weighed into a 50-mL test tube and homogenized with 15 mL of deionized distilled water (DDW) using a Polytron homogenizer 9 for 10 s at highest speed. One milliliter of the meat homogenate was transferred to a disposable test tube (3 × 100 mm), and 50 µL of butylated hydroxyanisole (7.2%) and 2 mL of TBA-trichloroacetic acid (15 mM TBA-15% TCA) were added. The mixture was vortexed and then incubated in a boiling water bath for 15 min to develop color. Then sample was cooled in cold water for 10 min, vortexed again, and centrifuged for 15 min at 2,500 × g. The absorbance of the resulting supernatant solution was determined at 531 nm against a blank containing 1 mL of deionized distilled water and 2 mL of TBA-TCA solution. The amounts of TBA-reactive substances (TBARS) were expressed as milligrams of malonaldehyde per kilogram of meat.
Volatile Analysis
A purge-and-trap dynamic headspace GC-MS system was used to identify and quantify the volatile compounds. One gram of minced RTE turkey roll was placed in a 40-mL sample vial, and the vial was flushed with helium gas (99.999%) for 5 s at 40 psi. After capping with a Teflon-lined, open-mouth cap, the vial was placed on a refrigerated (4 C) sample tray. The maximum sample holding time on the sample tray before determination of volatiles was less than 3 h to minimize oxidative changes (Ahn et al., 1999) . Samples were heated to 40 C and purged with helium gas (40 mL/min) for 15 min. Volatiles were trapped with a Tenax trap column 10 at 20 C, desorbed for 2 min at 220 C, concentrated using a cryofocusing unit at −80 C, and then desorbed into a GC column for 30 s at 220 C. A GC equipped with a mass selective detector 7 was used to separate, identify, and quantify the volatile compounds in irradiated samples. An HP-624 column (7.5 m, 250 µm i.d., 1.4 µm nominal), 7 an HP-1 column (52 m, 250 µm i.d., 0.25 µm nominal), 7 and an HP-Wax column (7.5 m, 250 (m i.d., 0.25 (m nominal)7 were combined using zero-volume connectors and used for volatile analysis. A ramped oven temperature was used: the initial oven temperature was set at 0 C for 2.5 min, and then increased to 10 C at 5 C/min, to 45 C at 10 C/min, to 110 C at 20 C/min, to 210 C at 10 C/min, and held for 2.5 min. Liquid nitrogen was used to cool the oven below ambient temperature. Helium was the carrier gas at constant pressure of 20.5 psi. The ionization potential of the MS was 70 eV; the scan range was between 18.1 and 350 m/z. The identification of volatiles was achieved by comparing mass spectral data with those of the Wiley library and authentic standards. The peak area was reported as the amount of volatiles released.
Sensory Evaluation by Trained Sensory Panel
Sixteen trained sensory panelists characterized sensory attributes of RTE turkey breast rolls. Panelists were selected based on interest, availability, and performance in screening tests conducted with samples similar to those being tested. Training sessions were conducted to allow panelists familiarize themselves with irradiation odor, the scales to be used, and the ranges of attribute intensity likely to be encountered during the study. Fifteen-centimeter linear horizontal scales, anchored with descriptors at opposite ends, were used to rate the stimuli of color (none to pink), aroma (weak to strong), offflavor (weak to strong), hardness (soft to hard), and juiciness (dry to juicy) of RTE turkey rolls. The responses from the panelists were expressed in numerical values ranging from 0 to 15. All samples presented to panelists were labeled with random three-digit numbers.
Consumer Test
For consumer acceptance test, each pack of turkey rolls from different dietary treatments was labeled with a different, random, three-digit number. Consumers were selected based on the frequency of poultry meat consumption and willingness to participate in test. After reading an informed consent form, consumers who agreed to participate were asked to indicate their preferences of the color, flavor, and overall acceptance of turkey rolls on seven-point hedonic scales (where 1 = dislike strongly to 7 = like strongly).
Statistical Analyses
Data were processed by the general linear model of SAS software (SAS Institute Inc., 2000). Mean values and standard errors of the means are reported, and the differences in the mean values were compared by the Student-Newman-Keuls' multiple-range test. Table 1 shows the TBARS values of breast rolls. At 0 d of storage, irradiation with up to 2.5 kGy did not influence the TBARS of RTE turkey breast rolls. However, after 3 and 7 d of storage, there were differences in the TBARS of RTE rolls. At Day 3, the TBARS of RTE rolls from the control diet that received 2.5 kGy irradiation were significantly lower than those that received 0 or 1.5 kGy irradiation. At Day 7, the TBARS of rolls from the CLA diet that received 2.5 kGy was significantly lower than that of control diet. The reason for reduced TBARS values in RTE rolls irradiated at 2.5 kGy could have been due to the increased oxidationreduction (redox) potential of RTE breast rolls immediately after irradiation. Nam et al. (2002a,b) showed that irradiation significantly reduced the redox potential of meat, which was confirmed by Du et al (2002) . However, irradiation initiates lipid oxidation by generating free radicals and, thus, accelerates oxidation. Therefore, the net effect of irradiation on lipid oxidation, whether preventing or accelerating it, will be dependent upon the balance between the decrease in redox potential and the initiation of lipid oxidation by irradiation.
RESULTS AND DISCUSSION
TBARS Values
Lipid oxidation in RTE turkey rolls did not proceed because of low oxygen availability under vacuum conditions, and thus, decreased TBARS of irradiated meat was the net effect of irradiation. We have observed similar results in vacuum-packaged irradiated meats. RTE turkey rolls from dietary CLA treatments had lower TBARS than those from control diet (Table 1) and were consistent with our previous report (Du et al., 2000) . The main reason for the improved oxidative stability could have been due to the decreased proportion of unsaturated fatty acids in meat by the dietary CLA (Du et al., 2001 ).
Volatile Profiles
Irradiation had significant influence on numerous volatiles, mainly sulfur compounds, aldehydes, and alkanes (Tables 2 and 3 ). Dimethyl sulfide, carbon disulfide, dimethyl disulfide, and dimethyl trisulfide were the sulfur compounds detected in irradiated RTE turkey rolls. The amounts of all those sulfur compounds increased as the irradiation dose increased. Due to the low threshold for odor detection for sulfur compounds, even small amounts of these sulfur compounds are important in irradiation off-odor (Ahn et al., 2000a,b) . Irradiation also greatly increased acetaldehyde, 3-methyl-butanal, and 2-methyl-butanal. Whereas 3-methyl-butanal and 2-methyl-butanal were from the radiolysis of leucine and isoleucine, the source of acetaldehyde is not clear yet (Jo and Ahn, 2000) . Other aldehydes, including propanal, Means within a row with no common superscript differ significantly (P < 0.05); n = 4.
x-y
Means within a column with no common superscript differ significantly (P < 0.05); n = 4. 1 CLA = conjugated linoleic acid; MDA = malondialdehyde.
butanal, and hexanal, were less influenced by irradiation. Many of alkanes were detected in the volatiles of RTE turkey rolls. The amounts of alkanes with longer than nine carbons increased, but most of the smaller alkanes with less than nine carbons were not influenced by irradiation. The significance of alkanes on irradiation odor is not clear. No significant differences in volatiles between the RTE rolls from turkeys fed 0% CLA and 2% CLA were found in most of the volatile compounds detected. However, the content of acetaldehyde was higher in 2% CLA tur- Means within a row of same category with no common superscript differ significantly (P < 0.05), n = 5.
1 CLA = conjugated linoleic acid.
key rolls than that in 0% CLA, although this was not statistically significant. In the study of chicken rolls, we found that acetaldehyde might be related to metal-like odor after irradiation (Du et al., 2002) . In the chicken study, however, much higher amounts of acetaldehyde were detected, and sensory panelists identified a much stronger and obvious metal-like odor after irradiation. After 7 d of storage, the overall contents of volatiles decreased, whereas the general volatile profiles were not changed. The decrease in volatile content during storage under vacuum conditions is reasonable because small Means within a row of same category with no common superscript differ significantly (P < 0.05); n = 5. Means within a row with no common superscript differ significantly (P < 0.05); n = 8.
Means within a column of same category with no common superscript differ significantly (P < 0.05); n = 8. 1 CLA = conjugated linoleic acid. Means within a row with no common superscript differ significantly (P < 0.05); n = 16. 1 CLA = conjugated linoleic acid.
volatiles may escape through packaging material or react with other components in meat and become nonvolatile.
Color Measurement
Dietary CLA did not influence the L* values of turkey rolls at 0 d of storage. At 3 and 7 d of storage, however, the L* values of turkey rolls from turkeys fed 2% CLA were higher than those of control (Table 4) . Irradiation did not affect on the L* values of turkey rolls. Irradiation increased the a* values of RTE turkey rolls, which was in agreement with previous reports (Du et al., 2000) . One interesting finding here was that the redness of irradiated and nonirradiated turkey rolls from the dietary CLA treatments was lower than that of the controls before and after irradiation and remained low throughout storage. The reason for the decreased redness after CLA feeding was not clear but could be related to the reduced CO production in rolls from turkeys fed CLA. The production of CO in meats from broilers fed with CLA was lower than that of the control (Du et al., 2002) . During storage, L* and b* values of turkey rolls were Means within a row with no common superscript differ significantly (P < 0.05); n = 66.
Means within a column of same category with no common superscript differ significantly (P < 0.05); n = 66. 
Sensory and Consumer Acceptance Analyses
The sensory evaluation results are shown in Table 5 . The pink color of turkey roll increased as the irradiation dose increased, and was in agreement with the Hunter color measurement (Table 4) . There was no difference in color between 0 and 2% CLA treatments. The cooked meat aroma of RTE turkey rolls became stronger as the irradiation dose increased but was not statistically significant. The off-flavor of turkey rolls increased significantly after irradiation, indicating that off-flavor was induced by irradiation. Patterson and Stevens (1995) detected off-odor in irradiated chicken, which agreed with our result. Dietary CLA had no significant effects on the aroma and off-flavor of RTE turkey rolls before or after irradiation. The texture and juiciness were not significantly influenced by irradiation and CLA treatments, although hardness of turkey roll slightly increased and juiciness decreased as the irradiation dose and CLA level increased.
The increase in toughness as CLA level increased was in agreement with the results from chicken rolls (Du et al., 2002) , and this change in texture could be caused by increased protein content in muscle with dietary CLA (Du et al., 2002; Park et al., 1997) . The reason for the irradiation-induced changes in texture could be due to the cross-linking of amino acids during irradiation (Vachon et al., 2000) .
Consumer acceptance of irradiated turkey rolls showed that as the irradiation dose increased, the acceptability of flavor decreased (Table 6 ). After irradiation, the acceptability of turkey rolls from turkeys fed 2% dietary CLA was lower than those of 0% CLA, indicating that dietary CLA treatment had a negative effect on the flavor of turkey rolls after irradiation. The reason could be related to greater production of certain volatiles induced by irradiation. Acetaldehyde could be one of the volatiles related to the negative, metal-like, off-odor in irradiated meats (Tables 2 and 3) .
Consumers preferred the color of irradiated turkey rolls, with an acceptability of irradiated samples being significantly higher than that of nonirradiated samples (Table 6 ). The overall acceptance of irradiated samples was significantly lower than that of nonirradiated samples (Table 6 ). The overall acceptance of RTE rolls from turkeys fed 0% CLA was greater than that from 2% CLA after irradiation. Thus, dietary CLA had a negative effect on the flavor of irradiated RTE turkey rolls.
